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(57) Abstract: The measurement lateral acceleration of a vehicle is compensated for the gravity component introduced in accelerom- 
2 eter measurements resulting from a banked road and/or vehicle rolling motion. In yaw stability control systems, performance does not 
^1 have to be desensitized to prevent false activations for banked turns, for example. In addition, the present invention provides an esti- 
2 mate of bank angle which can be used in other control systems (such as the active suspension system ) to improve their performance. 

By comparing an estimated hori?x>ntal lateral acceleration based on overall vehicle dynamics (i.e., not using the accelerometer) with 
Q the measured lateral acceleration in the plane of the vehicle, the displacement angle of the vehicle plane (i.e., measurement plane) to 
^ horizontal is estimated The displacement angle is used to determine the road bank angle and/or the lateral acceleration in the road 
^ plane. 
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LATERAL ACCELERATION SENSOR COMPENSATION FOR 
AN INCLINED MEASUREMENT PLANE 

BACKGROUND OF THE INVENTION 

This invention relates in general to electronically-controlled vehicular active 
braking and suspension systems. In particular, this invention is concerned with 
providing compensation for measurement errors in lateral acceleration sensors when 
the measurement plane of the sensor is inclined with respect to the road surface, 
such as in a banked turn or when the vehicle has a rolling motion. 

Electronically-controlled vehicular braking systems can include anti-lock 
braking (ABS), traction control (TC), and yaw stability control (YSC) functions. 
These three function can be combined into a vehicle stability control (VSC) system. 
In such braking systems, sensors deliver input signals to an electronic control unit 
(ECU). The ECU sends output signals to electrically activated devices to apply, 
hold, and dump (relieve) pressure at wheel brakes of a vehicle. Electrically 
activated valves and pumps are typically used to control fluid pressure at the wheel 
brakes. Such valves and pumps can be mounted in a hydraulic control unit (HCU). 
The valves can include two-state (on/off or off/on) solenoid valves and proportional 
valves. 

Electronically-controlled suspension systems can include semi-active 
suspension systems and active suspension systems to provide active damping for a 
vehicle. In such suspension systems, sensors deliver input signals to an electronic 
control unit (ECU). The ECU sends output signals to electrically activated devices 
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to control the damping rate of the vehicle. Such devices include actuators to control 
fluid flow and pressure. The actuators typically include electrically activated valves 
such as two-state digital valves and proportional valves. 

Most YSC systems include a lateral accelerometer mounted on the vehicle 
5 which measures acceleration in the plane of the vehicle body or frame. The 

accelerometer output corresponds to the sum of components of all accelerations in 
its measurement plane. The lateral acceleration measurement is used together with 
other sensor information (e.g., steering angle and yaw rate) to determine vehicle 
sideslip which may then be controlled in a desired manner for YSC operation. For a 

10 vehicle with no roll motion on a flat road surface, the lateral acceleration 

measurement has good accuracy. Any roll motion or traveling on a banked road 
surface, however, can combine to cause the measurement plane of the accelerometer 
to become inclined with respect to the road surface plane, thereby resulting in a 
discrepancy between the measured lateral acceleration and the actual lateral 

15 acceleration in the road plane. This error can be undesirable because typical YSC 
control strategies depend upon aknowledge of lateral acceleration in the road plane. 
JKor many YSC systems, the vehicle models are based upon planar dynamics (i.e., a 
rigid, non-suspended body on a flat plane) which do not include vehicle roll or 
travel on a banked surface. 

20 When a vehicle is on a banked road surface (such as a curve) or when the 

vehicle body rolls significantly, gravity is no longer perpendicular to the 
accelerometer's measurement plane. This adds in a gravitational component which 
causes errors in the sideslip calculations and could lead to false activations of the 
YSC system. 



WO 02/20318 PCT/US01/28200 



The existing way of overcoming this problem is to reduce the sensitivity 
(degrade the performance) of a YSC system over all conditions - whether the 
vehicle rolls, is on a banked curve, or a curve with neither. 

5 SUMMARY OF THE INVENTION 

The present invention advantageously compensates for the gravity 
component (due to a banked road and/or a vehicle roll motion) so that measured 
acceleration is corrected before being used by the YSC system, YSC performance 

10 does not have to be desensitized to prevent false activations for banked turns, for 
example. In addition, the present invention provides an estimate of bank angle 
which can be used in other control systems (such as the active suspension system) to 
improve their performance. 

In one aspect of the invention, a method of determining road-plane lateral 

15 acceleration in a vehicle having a suspension sensor and an accclcrometcr comprises 
measuring a roll angle in response to the suspension sensor. A vehicle-plane lateral 
acceleration is measured in response to the accelerometer. Horizontal lateral 
acceleration is estimated independently of the accelerometer. An estimated bank 
angle is determined in response to a relationship between the roll angle, the 

20 measured vehicle-plane lateral acceleration, and the estimated horizontal lateral 
acceleration. The road-plane lateral acceleration is determined in response to the 
estimated bank angle and the measured vehicle-plane lateral acceleration. 

Various objects and advantages of this invention will become apparent to 
those skilled in the art from the following detailed description of the preferred 

25 embodiment, when read in light of the accompanying drawings. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 is a schematic diagram defining various angles for a vehicle with 
roll on a banked surface. 

Figure 2 is a plot showing the relationship of acceleration vectors for the 
vehicle of Figure L 

Figure 3 is a flowchart of a preferred embodiment of the invention for 
estimating the bank angle of an inclined road surface and determining a road-plane 
lateral acceleration. 

Figure 4 is a block diagram showing one preferred embodiment for 
determining an estimated horizontal lateral acceleration. 

Figure 5 is a schematic diagram of a first embodiment of an integrated 
vehicular control system for implementing the present invention. 

Figure 6 is a schematic diagram of a second embodiment of an integrated 
veliicular control system for implementing the present invention. 

Figure 7 is a schematic diagram of a third embodiment of an integrated 
vehicular control system for implementing the present invention. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

Referring to Figure 1, an automotive vehicle includes a body or frame 
portion 10 connected by a suspension (not shown in Figure 1) to a pair of front 
wheels 1 1 and 12, An accelerometer 13 is mounted on body portion 10, preferably 
at or close to the center of gravity of the vehicle. The suspension associated witfi 
each wheel has respective height sensors 14 and 15 providing respective height 
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measurements x\ and X2- The vehicle has a track width W between wheels 1 i and 
12. 

The vehicle travels on a road surface shown as banked at an inclined plane 20 
with respect to horizontal plane 21. The incline angle is referred to as bank angle 0. 

5 In addition, the vehicle is shown with roll in a roll plane 22 inclined to the road 
surface at a roll angle a. The roll plane or measurement plane of the vehicle makes 
a displacement angle ^ with respect to horizontal plane 21 . 

Figure 2 shows the relationship of acceleration vectors for the vehicle of 
Figure 1. The two sources of acceleration are the actual lateral acceleration ay 

10 acting in the horizontal plane and gravity g acting in the vertical plane. The 
accelerometer responds to components of these accelerations projected into its 
measurement plane 22. Specifically, a gravity component 23 and an a y component 
24 are projected into plane 22. Their vector sum results in a measured lateral 
acceleration a m . However, what 'is really desired for purposes of YSC functions is a 

15 control-plane or vehicle-plane lateral acceleration a p which is a projection of the a y 
component into road plane 20 (with no contribution from the gravity component). 

On a flat road surface with no vehicle roll, measured lateral acceleration a m 
should equal a y . Any difference between a m and a y is a reflection of the 
displacement angle between the measurement plane and horizontal (i.e., the sum of 

?o the bank angle and the roll angle). The present invention compares measured lateral 
acceleration a m with an estimated value of a y detennined independently of the 
accelerometer measurement in order to determine the angle of the measurement 
plane. Once the angle of the measurement plane is known, the a y component of the 
measured lateral acceleration a m in the horizontal plane oan be determined. Since 

25 the angle of the measurement plane and the roll angle are known, the a y component 
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can be projected into the road plane and the value of vehicle-plane lateral 
acceleration ap is determined. Furthermore, the intermediate determination of the 
bank angle is useful in its own right for many other control purposes. 

Resolving the main acceleration vectors into the measurement plane gives 
5 a m =g-sin$>+^cos^. Eq. 1 

Using an estimated value for ay (determined, for example, by modeling a y as a 
function of yaw rate and slip rate as described in connection with Figure 4 below), 
and taking a value of 1 as an approximation of cos 0, Equation 1 is solved for ^ as 
follows: 

10 <f> = arcsin^ " g J Ec l- 2 

Roll angle is determined in this example from suspension height measurements: 

a-arctan^^^j Eq. 3 

The relationship between measurement (or displacement) angle 0, roll angle a, and 
bank angle 6 is: 

15 0 = <0 + a Eq.4 

Combining Equations 2, 3, and 4 yields: 

O- ^-'^^ nJ^) Eq. 5 

Thus, an estimated bank angle is determined in response to measured lateral 
acceleration, estimated lateral acceleration, and measured roll angle. Since the 
20 displacement of the measurement plane rarely would exceed about 20°, the 

approximation of cos <j> being equal to 1 is good to within about 94% and the value 
for bank angle Ois an excellent approximation. 
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Mew that a value for ^ is available, Equation 1 can be solved for aa aetual 
value of ay as follows: 

a , Eq.6 
* cos^ 

This actual value is projected into the road plane as follows: 
5 a p -a y cos$ Bq. 7 

Combining Equations 3, 4, 6 and 7 yields: 

In terms of $ and o, Equation 8 can be rewritten as: 

a « fl »-^Mco»(*) E* 9 
' cos(0-a) 

10 Thus, a lateral acceleration value is obtained within the reference frame of the YSC 
vehicle models. 

The present invention can be used to determine bank angle under all 
conditions and not just while in a turn. When traveling straight on a banked or 
crowned road surface, estimated lateral acceleration would be zero but acceleration 

15 of gravity would create a nonzero lateral acceleration measurement in the 
aecelerometer. The difference can be used to give an estimate of bank angle. 

Preferred methods of the invention will be summarized with reference to the 
flowchart of Figure 3. In step 25, the vehicle roll angle a is measured bused ou 
information from one or more sensors in the suspension system. For example, strut 

20 height sensors can be used together with Equation 3. In step 26, the vehicle-plane 
lateral acceleration is measured Horizontal lateral acceleration is estimated in step 
27 based upon other information available to the vehicle control system. In step 28, 
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bank angle may be determined as a function of roll angle, measured vehicle-plane 
acceleration, and estimated horizontal lateral acceleration. Road-plane lateral 
acceleration is determined as a function of bank angle and measured vehicle-plane 
lateral acceleration in step 29. If a value of the bank angle is not desired for any 
other purpose, then step 28 may alternatively determine just the displacement angle 
</> and step 29 determines road-plane lateral acceleration using terms of displacement 
angle and roll angle. In either case, the road-plane lateral acceleration is provided to 
a YSC algorithm for controlling vehicle stability, for example. It may be desirable 
to pass the value of the bank angle to the YSC algorithm as well. 

Figure 4 shows a preferred method of estimating horizontal lateral 
acceleration using a "bicycle" model 30. A steering angle signal 5 from a Steering 
angle sensing circuit (not shown) and a vehicle speed signal V from a speed sensing 
circuit (e.g., including wheel rotation sensors) are provided to bicycle model 30. 
Bicycle model 30 is of a known type for relating various vehicle performance 
characteristics and for purposes of the present invention is set up to generate an 
estimated lateral acceleration est(a y ) in response to V and 5. Bicycle model 30 may, 
for example, model lateral acceleration based on yaw rate and slip rate according to 

the equation a y = V^r + p J , where r is yaw rate and 0 is slip rate. 

Other methods of estimating lateral acceleration are known and could equally 
well be used in the present invention. Furthermore, the present invention is 
applicable to vehicle operation on a flat road as well as on a road having an adverse 
or opposite camber. 
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Several embodiments of integrated suspension and active braking systems 
will be described with reference to Figures 5-7. These systems are particularly well 
suited for implementing the present invention. 

A first embodiment of a vehicular control system according to the present 
5 invention is indicated generally at 100 in Figure 6. The control system 100 is 
particularly adapted to control fluid pressure in an electronically-controlled 
vehicular braking system and an electronically-controlled vehicular suspension 
system. The braking system can include anti-lock braking, traction control, and yaw 
stability control functions. The suspension system can include active damping 
10 functions. 

The control system 100 includes a first electronic control unit (ECU) 102. 
The first ECU 102 includes a signal processor 104 and a braking algorithm 106. 
Various sensors 108 strategically placed in a vehicle deliver input signals 1 10 to the 
signal processor 104. Specifically, a lateral acceleration sensor 112 delivers an 

15 input signal 1 14 to the signal processor 104. A longitudinal acceleration sensor 1 1 5 
delivers an input signal 1 16 to the signal processor 104. A steering wheel sensor 
1 17 delivers an input signal 118 to the signal processor 104. A yaw rate sensor 120 
delivers an input signal 122 to the signal processor 104. Depending upon the 
braking functions of the braking system, some of the above-listed sensors and their 

20 associated input signals may be deleted and others may be added. For example, a 
braking system that provides only ABS and TC functions may not require some of 
the above-listed sensors. 

The signal processor 104 delivers transfer signals 124 to the braking 
algorithm 106. The braking algorithm 106 delivers output signals 126 to a hydraulic 

25 control unit (HCU) 128. The HCU 128 can include electromechanical components 
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such as solenoid and/or proportional valves and pumps (not illustrated). The HCU 
128 is hydraulically connected to wheel brakes and a source of brake fluid, neither 
of which is illustrated. 

The control system 100 also includes a second ECU 130. The second ECU 

5 130 includes a signal processor 132 and a suspension algorithm 134. Various 
sensors 135 strategically placed in a vehicle deliver input signals 136 to the signal 
processor 132. Specifically, a suspension state sensor 137 delivers an input signal 
138 to the signal processor 132. A suspension displacement sensor 139 delivers an 
input signal 140 to the signal processor 132. A relative velocity sensor 141 delivers 

10 an input signal 142 to the signal processor 132. An upsprung mass acceleration 
sensor 143 delivers an input signal 144 to the signal processor 132. Depending 
upon the performance requirements of suspension system, some of the above-listed 
sensors may be deleted and others may be included. 

The second signal processor 132 delivers transfer signals 145 to the 

15 suspension algorithm 134. The first signal processor 104 delivers transfer signals 
146 to the suspension algorithm 134. The suspension algorithm 134 delivers output 
signals 148 to suspension actuators 150, only one of which is illustrated. The 
actuators 1 50 are electrically controlled devices such as dampers that vary and 
control a damping rate of a vehicle. An actuator 150 can include electromechanical 

20 components such as solenoid and proportional valves. 

Information from the vehicular braking system can be shared with the 
vehicular suspension system. For example, ECU 102 can direct information to ECU 
130. One example of transferred information from the braking system to the 
suspension system is the transfer signal 146 from signal processor 104 to suspension 

25 algorithm 134. A second example of transferred information from the braking 
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system to the suspension system is indicated by transfer signal 152, wherein 
information from the braking algorithm 106 is directed to the suspension algorithm 
134. 

Information from the suspension system can also be shared with the braking 
5 system. For example, ECU 130 can direct information to ECU 102. One example 
of transferred information from the suspension system to the braking system is a 
transfer signal 154 to a load and load transfer detector 155. Another example is a 
transfer signal 156 to a turning detector 157. Yet another example is a transfer 
signal 158 for surface and mismatch tire detector 159. 
10 The control system 100 can be configured in various manners to share 

information from ECU 102 to ECU 130, and vice versa. In one example, an ECU 
102 for the braking system that receives inputs signals 114, 116, 1 18 and 122, for 
lateral acceleration, longitudinal acceleration, steering wheel angle, and yaw rate, 
respectively, can transfer these input signals to ECU 130 for the suspension system. 
15 The signal processor 104 of ECU 102 can send transfer signal 146 to the suspension 
algorithm 134. 

Jn another example, if lateral acceleration and steering wheel angle signals 
1 14 and 122 are not available to the braking system, a turning detector signal can be 
generated by ECU 130 and transmitted to ECU 102 to improve braking 
20 performance. If an electronically controlled suspension system is integrated with an 
electronically controlled ABS/TC braking system, turning of the vehicle can be 
detected by the suspension system, thereby generating a turning detector signal that 
is transmitted to a braking system that does not receive signals from lateral 
acceleration and steering wheel angle sensors. A turn detection signal to the braking 
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system via ECU 102 can enhance braking performance, particularly during braking- 
in-turn and accelerating-in-tum. 

A second embodiment of a control system for controlling vehicular braking 
and suspension functions is indicated generally at 200 in Figure 7. Elements of 

5 control system 200 that are similar to elements of control system 1 00 are labeled 
with like reference numerals in the 200 series. 

Control system 200 also includes an ABS/TC algorithm 206A and a VSC 
algorithm 206B in place of the braking algorithm 106 of control system 100. Signal 
processors 204 and 232 may be placed separately from their respective algorithms 

10 206A, 206B, and 230, or they may be located in common ECU's (not illustrated in 
Figure 7). Transfer signal 270 between ABS/TC algorithm 206A and VSC 
algorithm 206B is provided. Transfer signal 272 for load and load transfer is 
provided to the VSC algorithm 206B. Transfer signal 273 from the signal processor 
204 is provided to the VSC algorithm 206B. Transfer signal 274 for the surface and 

15 mismatch tire detector is provided to the VSC algorithm 206B. Transfer signal 275 
is provided from the VSC algorithm 206B to the suspension algorithm 234. Output 
signal 276 is sent from the VSC algorithm 206B to the HCU 228. 

Various calculations can be made for the suspension system. For example, 
relative velocity can be calculated from suspension displacement if it is not directly 

20 measured. A vehicle load and load transfer signal 154, 254 can also be calculated or 
enhanced from a lateral acceleration signal 114, a longitudinal acceleration signal 
118, and a steering wheel angle signal 122 when these are available. 

A load and load transfer signal 154, 254 is used by the braking algorithms to 
enhance braking torque proportioning and apply and dump pulse calculations. 
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A turning detector signal 156, 256 (roll moment distribution) can be used to 
optimize vehicle handling before VSC activation and enhance brake torque 
distribution calculation during VSC activation. 

A road surface roughness and tire mismatching signal 158, 258 can be 
5 detected from suspension states and used by ABS/TC and VSC systems. 

Braking/traction status information from the wheels can also be used to 
enhance braking algorithms by predicting pitch and roll motion in advance. 

Suspension algorithms and braking algorithms can be embodied in separate 
ECU'S 102 and 130 as illustrated in Figure 6. In other embodiments, the suspension 
10 and braking algorithms can be integrated into a single electronic control unit. 

If steering wheel angle signal 122, 222 and/or a lateral acceleration signal 
1 14, 214 are available, then split mu detection in ABS and TC algorithms (for stand 
alone ABS and TC systems) can be improved. 

In other examples, ECU 102 can only receive information from ECU 130. 
15 Thus, various input signals from the suspension system can be transferred to the 
braking system, but no signals are transferred from the braking system to the 
suspension system. 

In yet other examples, ECU 130 can only receive information from ECU 102. 
Thus, various input signals from the braking system can be transferred to the 
20 suspension system, but no signals are transferred from the suspension system to the 
braking system. 

A third embodiment of a control system for controlling vehicular braking and 
suspension functions is indicated generally at 300 in Figure 8. In control system 
300, a single ECU 302 receives inputs signals 304 from various sensors 306 
25 strategically placed in a vehicle. A signal processor 308 may be incorporated in the 
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ECU 302 that delivers transfer signals 310 to an algorithm 312. The algorithm 312 
delivers output signals 314 to a HCU 328 to provide a desired brake response. The 
algorithm 312 also delivers output signals 316 to actuators 350 to provide a desired 
suspension response. Control system 300 may be referred to as a totally integrated 

5 system for controlling vehicular braking and suspension. 

In accordance with the provisions of the patent statutes, the principle and 
mode of operation of this invention have been explained and illustrated in its 
preferred embodiment. However, it must be understood that this invention may be 
practiced otherwise than as specifically explained and illustrated without departing 

10 from its spirit or scope. 
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CLAIMS 

What is claimed is: 

5 LA method of detennining the lateral acceleration of a vehicle comprising 

the steps of: 

measuring the lateral acceleration of the vehicle to generate a measured 
lateral acceleration signal, said measured lateral acceleration signal having a value 
different than the actual lateral acceleration of the vehicle; 
10 measuring at least one suspension operating characteristic of a portion of the 

vehicle suspension system, said operating characteristic at least in part 
representative of the roll tendency of the vehicle; and 

determining a corrected lateral acceleration value as function of the measured 
lateral acceleration value and said one suspension operating characteristic. 

15 

2. The method according to claim 1 and further including the step of 
utilizing said modified lateral acceleration value in a braking control algorithm 
operable in at least one of a plurality of states including anti-lock control, traction 
control, and yaw stability control in order to enhance the braking, traction or 

20 stability characteristics of the vehicle. 

3. The method according to claim 1 and further including the step of using 
said corrected lateral acceleration value in a suspension control algorithm to 
enhance the ride quality or handling of the vehicle. 

25 
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4. A method of estimating a bank angle in a vehicle having a suspension 
sensor and an acceleromeler, said method comprising the steps of: 

measuring a roll angle in response to said suspension sensor; 

measuring a vehicle-plane lateral acceleration in response to said 
5 accelerometer; 

estimating horizontal lateral acceleration independently of said 
accelerometer; and 

determining an estimated bank angle in response to a relationship between 
said roll angle, said measured vehicle-plane lateral acceleration, and said estimated 
10 horizontal lateral acceleration. 



15 horizontal lateral acceleration, a m is said measured vehicle-plane lateral 
acceleration, and g is a gravitational constant. 

6. The method of claim 4 wherein said estimated horizontal lateral 
acceleration is determined in response to a measured vehicle speed and a measured 
20 steering angle. 



5. The method of claim 4 wherein said relationship is comprised of: 




where #is said bank angle, a is said roll angle, cst(a y ) is said estimated 



7. The method of claim 4 wherein said suspension sensor is comprised of 
height sensors on opposite lateral sides of said vehicle. 
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8. A method of detennining road-plane lateral acceleration in a vehicle 
having an accelerometer, said method comprising the steps of: 

measuring a vehicle-plane lateral acceleration in response to said 
accelerometer; 

estimating horizontal lateral acceleration independently of said 
accelerometer; 

determining an estimated displacement angle in response to a relationship 
between said measured vehicle-plane lateral acceleration and said estimated 
horizontal lateral acceleration; and 

detennining said road-plane lateral acceleration in response to said estimated 
displacement angle and said measured vehicle-plane lateral acceleration. 

9. The method of claim 8 wherein said estimated displacement angle is 
determined according to a formula substantially equal to: 



lateral acceleration, a m is said measured vehicle-plane lateral acceleration, and g is 
a gravitational constant. 

10. The method of claim 8 wherein said displacement angle is comprised of 
a roll angle and a bank angle, and wherein said vehicle has a suspension sensor for 
measuring said roll angle. 




where <f> is said displacement angle, est(a y ) is said estimated horizontal 
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11. The method of claim 10 wherein said road-plane lateral acceleration is 
determined according to a formula substantially equal to; 



where ap is said road-plane lateral acceleration, a m is said measured vehicle- 
plane lateral acceleration, 0 is said displacement angle, a is said roll angle, and g is 
a gravitational constant 

12. A method of deteimiriing road-plane lateral acceleration in a vehicle 
having a suspension sensor and an accelerometer, said method comprising the steps 



measuring a roll angle in response to said suspension sensor; 
measuring a vehicle-plane lateral acceleration in response to said 
accelerometer; 

estimating horizontal lateral acceleration independently of said 
accelerometer; 

determining an estimated bank angle in response to a relationship between 
said roll angle, said measured vehicle-plane lateral acceleration, and said estimated 
horizontal lateral acceleration; and 

determining said road-plane lateral acceleration in response to said estimated 
bank angle and said measured vehicle-plane lateral acceleration. 




13. The method of claim 12 wherein said relationship is comprised of: 
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where 9 is said bank angle, a is said roll angle, est{a y ) is said estimated 
horizontal lateral acceleration, a m is said measured vehicle-plane lateral 
acceleration, and g is a gravitational constant 

5 14. The method of claim 12 wherein said road-plane lateral acceleration is 

determined according to a formula substantially equal to: 

a m -£sin(#-a) 
9 cos(0-a) 

where a p is said road-plane lateral acceleration, a m is said measured vehicle- 
plane lateral acceleration, 0is said bank angle, a is said roll angle, and g is a 
to gravitational constant. 
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